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Abstract 
This paper presents a method and practical application for a consistent data exchange between the virtual planning and the real 
production environment in cyber-physical assembly planning. In the virtual planning environment, the product’s ability to be 
assembled is validated by comparing the product’s requirements with the assembly module’s capabilities. The information of this 
comparison is reused for the assembly of the product in reality, where the product requests services from different assembly 
modules. Changes to the assembly system configuration are identified in reality and the data of the model is updated in the 
virtual planning environment. Due to the application of the method, the virtual planning model is kept updated and assembly 
planning results are used in reality for the product assembly process. 
© 2016 The Authors. Published by Elsevier B.V. 
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1. Introduction and state of the art 
Shorter product life cycles with the trend to customized 
products are two major challenges for production companies 
[1]. To satisfy individual customer preferences the number of 
product variants is continuously growing, whereas new 
products are put on the market more frequent and in shorter 
time intervals [2]. Especially the assembly, as the final section 
of the production before the product is shipped to the 
customer, is affected by these developments [3]. These 
developments result in an increasing complexity which needs 
to be handled when the assembly systems are planned and 
operated because the systems have to produce a high variety 
of products [4], [5].  
From the technical side, reconfigurable assembly systems 
are used in order to react flexibly to changing capacity and 
produce multiple product variants on a single assembly line 
[6]. The reconfigurable assembly system consists of different 
modules that have specific assembly capabilities, which 
contribute to accomplish specific assembly processes [7]. In 
the context of integrated industry, the mechatronic assembly 
modules can also be considered as embedded systems 
gathering physical data via sensors and react via actuators to 
physical processes in form of cyber-physical systems (CPS) 
[8]. On the shop floor in the factory, several CPS are 
combined to a cyber-physical assembly system (CPAS). The 
innovative aspect of these systems is the integration in digital 
networks by accessing world-wide available data and services 
[9]. Thereby, these mechatronic modules execute assigned 
tasks (assembly processes). Furthermore, they possess the 
ability to adapt to specific tasks for a certain product variant 
and to connect among themselves through network 
functionality as well as with other layers of the automation 
pyramid [10]. 
From the software side, supporting tools of the Digital 
Factory gain more importance in order to control the wide 
range of product variants and their information [11]. The aim 
of Digital Factory is the holistic planning, evaluation and 
ongoing improvement of all main structures, processes and 
resources of the real factory in conjunction with the product 
[12]. Before the model is generated, the product is analyzed in 
assembly planning and respective assembly processes are 
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derived [13]. Which modules are being deployed depends on 
the assembled product. Therefore, both models from the 
product and from the assembly system are created in the 
software tools.  
But still an information gap exists between the technical 
and software side because different information is used in 
each environment. On the national platform in Germany the 
Automation Markup Language (AutomationML) consortium 
is developing a framework based on XML which intends to 
cover the complete engineering process of a production 
system on the software side as an exchange format [14]. 
AutomationML focuses on the development process of 
automation system engineering and models objects of the 
automated system in a tree based format. Nevertheless, 
existing tools of the digital factory do not support the format 
and have problems integrating the information into a neutral 
format, which might result in duplicates in that format. 
Moreover, the product with its assembly operation is not 
focused and thus only modelled with low granularity which is 
inadequate for assembly planning. Better opportunities for 
assembly planning are provided by product lifecycle 
management (PLM) solutions which use databases to store 
consistent data and allow access from multiple sides. Neither 
PLM, AutomationXML, nor other exchange formats, like 
Systems Modeling Language (SysML), provide the 
opportunity to make a systematic comparison between digital 
data and real assembly system condition [15].  
Thus, this paper describes a method and application for 
using the semantical same data between the real and virtual 
production environment for cyber-physical assembly system 
planning. To combine the virtual and real world as well as 
support the planning process, three systems are introduced 
using the same data in different planning states:  
x Virtual planning environment for the comparison of 
product requirements and module abilities 
x Agent based control system for the data transfer and 
control of different modules in the assembly line 
x Measurement system for the identification of the assembly 
system configuration 
2. Motivation to handle complexities and challenges in 
assembly planning  
Due to the increasing number of product variants and 
shortened product life cycles, the assembly planning faces 
different challenges. On the one hand the assembly planners 
have to consider multiple product variants and their specific 
requirements when they validate if a product can be 
assembled on the existing assembly line. But during the time 
of operation, the configuration of the initial assembly line 
might be modified. Because of the system´s reconfigurability, 
modules are adapted or new modules are integrated which 
need to be identified for validation. In order to meet the 
requirement of shortened product life cycles on the other hand 
these validations have to be made more often and faster.  
To overcome these challenges, the assembly planners need 
to be supported by using tools of the digital factory and use 
consistent data between different systems as well as between 
virtuality and reality. In Figure 1 the concept of consistent 
information flow and use of information by planning and 
operating an assembly line is given. First of all the product 
requirements are gathered in the virtual planning environment 
where the validation is made whether the product can or 
cannot be assembled on the existing assembly line. In the next 
step the product requirements are transferred as assembly data 
in the real production environment where the product is 
assembled by requesting service of different modules. 
Adaptation like changes in the assembly system configuration 
on the existing assembly system are identified and forwarded 
into the virtual environment.  
The idea of the concept is to have consistent information in 
the virtual planning and real production environment so the 
planner is able to work with the latest and only necessary, as 
well as important, information. Which data and how it is used 
in different systems is described in the following chapters of 
this paper. 
 
Figure 1: Concept of consistent data usage and exchange in assembly 
planning 
3. Virtual planning environment 
Products, processes and the existing assembly line with its 
modules are modeled in virtual planning [13]. Starting with 
the bill of material of a product or new product variant the 
planner has to ensure that the product can be assembled on the 
assembly line. During planning, parts are assigned to 
processes which have to be done in assembly to guarantee a 
functional product at the end of assembly. To perform these 
processes either a worker or an assembly module (resource) is 
needed. In addition to the consideration of assembly module 
abilities, process times, line balancing constraints and other 
restrictions are considered in the virtual planning environment 
when multiple product variants are allocated to an assembly 
line.  
The virtual planning environment assists the planner by 
defining processes and their allocation to assembly stations. 
This assistance is achieved by an ability-based planning 
approach and restrictions that have to be considered. The 
ability-based planning approach allows the comparison of part 
Check:
If the product
can be assembled
Assembly line 1
Station 1 Station n
Modul A
 Ability a
 Ability b
Modul B
 Ability d
 Ability e
Modul C
 Ability a
 Ability g
Virtual Planning Environment
Real Production Environment
Product Var A Product Var A
Station 1
Conveyor
Modul A Modul BAssembly Data
Variant A
 Process Plan 
including requirments
 Bill of Material
 ... 
Product
identification
Process
execution
Product
identification
Process
execution
Id
en
ti
fi
ca
ti
on
:
Sy
st
em
 C
on
fi
gu
ra
ti
on
Adaption
…
… Station n
Modul F
D
er
iv
in
g:
A
ss
em
bl
y 
D
at
a
Product Variant A
 Requirement a 
 Requirement b
 ... 
75 Rainer Müller et al. /  Procedia CIRP  44 ( 2016 )  73 – 78 
 
(product) requirements and the abilities of the used assembly 
modules. Product, process and module information are 
structured and standardized so that the information can be 
handled by planner and software systems / controls alike. The 
reference model for this approach is described in [7], [13]. 
The approach is implemented in the virtual planning 
environment which supports the combination and assignment 
of product, process and assembly modules (resource) in 
planning and can be customized according to the reference 
model. Some of the object models were altered, so that the 
reference model becomes usable in the virtual planning 
environment. This allows the planner to use extended product, 
process and resource information to decide if a product 
variant can be assembled with the existing assembly line 
configuration or if modification have to be made. 
The comparison of product requirements and assembly 
module abilities is done at the process and its allocation to an 
assembly station which consists of different assembly 
modules. At the process the part and assembly module are 
linked. Because different tasks (joining, handling, etc.) are 
necessary to assemble a product the process object is extended 
by the information of basic and specific task. In Figure 2 the 
extended process object is shown, with the necessary and 
cascading information to basic and specific task. When 
creating the process object, basic and specific task can be set, 
thus defining the process. The object for the parts is extended 
by the so-called part (product) requirement parameters for its 
assembly. The resources are classified in assembly modules 
with regard to the modularization of assembly systems and 
assembly tasks [7], [13]. 
 
Figure 2: Input mask for creating an assembly process 
By linking a part to a process with a basic and specific task 
the product information is filtered on defined rules at the 
assembly process. Thus, only task-related and relevant 
information of the assigned part is displayed. In Figure 3 this 
rule-based filtering is shown on examples of a joining and a 
feeding task. Depending on the chosen task, different 
information has to be checked. While the information about 
torque is necessary for a bolt tightening (joining) process and 
its required process module, this information is not needed 
when planning a feeding (handling) process and the 
corresponding feeding module. The allocation of the process 
with its linked parts to the assembly stations is done by 
considering process times, line balancing constraints and 
other restrictions. Based on the conjunction of basic and 
specific tasks of the process to the assembly module the 
correct class of modules is identified by the planner. With this 
combination of process information and the requirements for 
the specific process the planner can compare the requirements 
with the assembly module abilities. Thus, verifying if a 
suitable assembly module is available at the station.  
 
Figure 3: Rule-based filtering of product requirements based on selected 
process (basic and specific task) 
The allocation of processes to the stations is finished with 
consideration of restrictions and abilities. A detailed process 
plan for the upcoming assembly of the new product variant is 
derived, see Figure 4. Due to the reference model and the 
ability-based approach, this process plan contains additional 
information, e.g. process parameters. A revised version of the 
process plan in the planning environment can be used for the 
assembly database. Therefore, the reference model and the 
description of tasks, parameters and values has to be applied 
also to the control system of the assembly line and the 
measurement system for the identification of the assembly 
system configuration. 
 
Figure 4: Allocated processes with assigned parts and modules 
4. Requesting assembly services in reality 
When the validation of the product requirements and 
assembly module abilities is successfully finished, it is 
guaranteed that the product variant can be produced on the 
assembly line. To use the information of the virtual planning 
environment for the real product assembly, a connection 
between these two has to be developed. Thus, the information 
consisting of the assembly processes with their connected 
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parts and modules are exported as assembly data for each 
variant. The processes are described by a basic task, a specific 
task, parameters, and the affiliated detailed information of the 
assembly modules. The information are imported and stored 
in the assembly database which is semantically the same as 
the information used in assembly planning as shown in Figure 
5.  
  
Figure 5: Data exchange from virtual planning to the assembly database 
The information in the assembly database describes in 
detail in which sequence the assembly processes have to be 
done and which modules are used with specific parameters. 
To get access to the database a software agent is set up at each 
station of the assembly line. The different station modules 
offering specific abilities/services are connected to the agent. 
In Figure 6 the agent configuration for the station of an 
assembly system at the ZeMA is schematically given. Via 
different interfaces, the modules and agent are able to 
exchange the information from the assembly data. The agent 
acts as a mediator or coordinator to various assembly 
modules. The main task of the agent is to make decisions 
based on the received information from the database, to 
format it into an appropriate syntax that can be processed by 
the relevant module and return a result [16]. The receiving 
module processes the parameters and performs the requested 
assembly processes. This results in an event based module 
triggering by the information derived from the assembly 
memory instead of a fixed program applied on a 
programmable logical control. Moreover, new modules can be 
easily attached to the agent by configuring the required 
interface and formatter inside the agent. 
In the assembly line the product to be assembled is 
produced and transported on a work piece carrier. Via a RFID 
tag attached to the work piece carrier the product is linked to 
its assembly data. When the product enters a station, the 
transport module identifies the product via the RFID tag and 
sends the identifier to the agent. Based on this identifier, the 
agent requests information about the process needed to be 
performed on that particular product from the database. 
Subsequently the procedure is described for the 3. Station of 
the assembly system at the ZeMA [17]. Station 3 and its 
assembly modules are shown in Figure 6. Once the agent 
receives the requested information, it processes and decides 
the appropriate assembly module that needs to be triggered 
based on the process information consisting of basic task, 
specific task, parameters and values (see chapter 3). If a new 
part needs to be attached to the product, the agent will get the 
information for a feeding process and send the part number 
via OPC-UA to the available feeding module system in the 
station, e.g. a pick-by-light module. At the same time, the 
agent will also send the operation information for the task 
along with its parameters to the assistance module via a 
TCP/IP interface as a string. These instructions will then be 
displayed on a screen for the worker. In the case that some 
bolts have been fed to the product that need to be tightened in 
the next process step, the agent will send a command to the 
cordless nutrunner system (position control and nutrunner). 
This nutrunner system is a process module with an integrated 
control system. Depending on the information (drive type, 
torque and position) the nutrunner selects the correct 
tightening program. Each module notifies the agent when the 
assembly process is completed, so that the agent can update 
the assembly data. Once all possible assembly processes in 
the third station have been carried out, the agent signals the 
conveyor control to release the workpiece carrier and 
transport the product to the next station.  
 
 
Figure 6: Using the data to trigger different assembly modules via an agent 
5. Identification of the assembly system configuration 
If the planner has to integrate a new product variant on an 
existing assembly system, the digital model of the assembly 
system is used for the previously described validation. Due to 
the life time of the assembly system, modifications are done 
but these are neither reported nor updated in the virtual model. 
Thus, the virtual model is out of date. Therefore, a data 
exchange between the production environment and virtual 
planning environment has to be established. 
First of all the identification of the assembly system 
configuration (IASC) is performed and after that the model is 
updated. To identify the assembly modules in reality, 
identifiers are attached to the real assembly modules which 
allow a localization and position measurement in combination 
with sensors and a measurement software. The attachment of 
identifiers is shown in Figure 7 for the example of a feeding, 
process and basic module. The sensors are built up around the 
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assembly system and span a measuring cell above the 
complete possible installation area of the assembly system. 
For the case of the assembly line, four sensors are sufficient to 
locate all modules of the system. In the top part of Figure 7, 
two of the sensors are visible in the background.  
 
Figure 7: Attachment of identifiers to the assembly modules 
In the measurement software, a virtual representation of 
each assembly module is set up and coupled with a unique 
identifier. The sensors locate the position of each identifier in 
the real production environment via ultra wide band. 
Depending on the run time of the ultra wide band signal and 
the angle of incidence detected by the sensors, the position is 
calculated inside of the measurement software [18]. Based on 
the measured result the position of the virtual representations 
is updated continuously. Beside the representations, spaces 
are assigned to the individual objects, illustrated in the lower 
section of Figure 7. The position and size of the spaces are 
defined under consideration of rules. To identify the modules 
related to a basic module, the defined space of the module has 
to be completely enclosed by the space of the basic module. 
The spaces of the modules are selected relatively small and 
positioned in the center of the virtual representation. The 
space of the basic modules is chosen as reference space for 
additional modules and is comparatively large. Thus, the basic 
module space encloses the complete basic module and is able 
to contain spaces of the other assembly modules. The rules are 
using the defined spaces of the modules for a comparison 
which modules are located in the space of another. For 
example, the rule for identifying whether and which process 
module is included in a basic module has following structure: 
Basic module includes/contains process module 
whenever 
the space/extent of basic module contains the 
space/extent of process module 
For the data exchange and use in the virtual planning 
environment, the determined data from the measuring system 
is stored in a database. The defined rules write their result in 
the tables of the database. The combination of several rules 
and thus the saved results provides finally the assembly 
system configuration (ASC). With an SQL query the ASC is 
derived as shown in Figure 8 for the example of the assembly 
system. In this ASC the modules belonging to a station are 
listed with their name. In the end of IASC, this combination is 
used to update the model in the virtual planning environment 
where the result is analyzed and evaluated with the initial 
model.  
Figure 8: Identified assembly system configuration  
 
The results of a preliminary examination and validation of 
the IASC are shown in the following Figure 9 using the 
example of a reconfiguration of a process module. In the 
upper left part of the figure the initial configuration of the 
assembly system model in the virtual planning environment is 
shown. This model presents the different assembly modules 
allocated to the stations of the assembly system. In an 
example for a reconfiguration, the PMNutrunnerManual10 is 
rearranged from station 30 to station 20. This rearrangement 
is successfully performed and tested in the real assembly 
system by taking the module with its identifier from a station 
to the adjacent station. The change is detected by the 
measurement system and indicated in the measurement 
environment where the rule for detecting allocated process 
modules to basic module is activated. Due to the activation of 
this rule, the basic modules are highlighted in blue color if 
they contain a process module which is shown in the lower 
section of Figure 9. In the next step the identified ASC is fed 
back from the measurement system to the virtual planning 
environment where the model for the further planning 
procedure is updated. In this model the assembly module 
PMNutrunnerManual10 becomes part of station 20 which 
posses the ability of bolt tightening in the updated 
configuration. For further planning activities the assembly 
planer can use the updated planning model. 
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Figure 9: Feedback of the identified configuration and update of the 
planning model 
6. Summary and outlook 
The introduced method supports and improves the 
assembly planning, due to consistent data usage between 
reality and virtuality. Especially when planning multi-variant 
lines the ability-based approach is required for data clustering 
and verifying the assembly. In the presented virtual planning 
environment this is achieved by comparing product 
requirements and assembly module abilities.  
Furthermore, the assembly of the product in the real 
production environment is possible by using an assembly 
database which is filled with information of the ability-based 
planning. To access the information of this database an agent 
is set up in each station. This agent controls and triggers the 
assembly modules by transferring relevant production 
parameters from the database to the modules.  
Modification of the existing assembly system are identified 
by sensors, which are set up around the assembly cell, and 
identifiers, which are attached to the assembly modules. The 
identified configuration is used to update the model in the 
virtual planning environments. This approach closes the 
information gap and ensures that the planner uses the latest 
version of the assembly system configuration when a new 
product variant is integrated in an existing assembly system.  
The presented approach shows an appropriate solution to 
combine the virtual and real world with each other by sharing 
information between each other. This approach simplifies and 
improves the integration of new product variants as well as 
the adaption of existing variants. Adjustments must be made 
only in the virtual planning environment, which is then used 
to operate the assembly system. 
However, the information transfer from the virtual 
planning environment to the assembly memory database as 
well measurement system database are not fully automated. 
Therefore, a handler for the exchange between the different 
software tools will be developed. 
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